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                                                  Chapter 1 
 
Recombinant membrane protein 
production: past, present and 
future 
 














One of the major challenges in membrane protein structural genomics is the 
production of properly folded protein in large quantities. Several in cell and cell-free 
expression systems have been developed. However, in most cases laborious trial-and-
error based optimization of either the host genetic circuitry or protein is necessary for 
high level production. A better understanding of membrane protein biogenesis is 
needed to obtain further insights into the bottlenecks of their expression. The 
application of “Omics” technologies to understand the host cell response to membrane 
protein overproduction has contributed significantly to our understanding of membrane 
protein production and provided rationales for optimization both the host cells and/or 
expression conditions. In this review, we present an overview of the current well-
established expression systems and the successful approaches to optimize the 




Biological membranes form a barrier between the inside of cells or cellular 
organelles and their surrounding environment. Biological membranes are composed of 
lipids, arranged in bilayers, and proteins in typical lipid-to-protein ratios ranging from 
3:1 to 1:3 (w/w) (22). A typical plasma membrane has a lipid-to-protein ration of 1:1, 
which corresponds to approximately 25,000 membrane proteins per µm2. The 
membrane forms a permeability barrier and translocation of solutes and transduction of 
signals between the outside and the inside medium is carried out by proteins 
embedded in the lipid bilayer. Membrane proteins are involved in diverse cellular 
processes such as transport of nutrients/metabolites, sensing of environmental 
changes and signal transduction, energy transduction and scaffolding of the structure 
of the cell. For most sequenced genomes, a large fraction (20-30%) of the open 
reading frames is predicted to code for membrane proteins. Despite this large fraction 
of different membrane proteins, the total number of unique membrane protein 
structures deposited in the protein database (PDB) is strikingly low and less than 1% 
(312). Progress in the structural and functional characterization of membrane proteins 
is mostly hindered by a generally low abundance in cells and by their amphipathic 
nature, which requires the use of detergents and often tolerates only careful 
manipulation. As only few membrane proteins are naturally abundant in a certain 
membrane, structural and functional analysis virtually always requires establishing an 
overexpression system. Regrettably, the quality and quantity of the overproduced 
membrane proteins are often unpredictable using the currently available expression 
strategies, and successful overexpression often requires extensive fine-tuning. 
Although in general more difficult than for water soluble proteins, overcoming the 
expression hurdle for membrane proteins is certainly not impossible. Over the past two 
decades several successful expression strategies for membrane proteins have been 
reported (83,261,262), but development of these systems was mostly of empirical 
nature. Improved insights in the biogenesis of membrane proteins and the start of the 
identification of bottlenecks encountered during membrane protein overexpression 
(171,297), now allow a more rational approach (296). Despite this progress, our current 
knowledge of the process is far from complete and even further from being predictive. 
Keeping this in mind, the present best approach to establish an overexpression system 
involves a broad sampling of “expression space”. Here, we shortly describe our current 
understanding of membrane protein biogenesis before presenting an overview of 
several expression strategies and studies aimed at understanding and overcoming the 
bottlenecks in the functional expression of membrane proteins. We focus on recent 
developments in expression optimization in microorganisms but also refer to studies in 
other microorganisms or (higher) eukaryotes when relevant. Many of the concepts 
explained here are from the studies based on Escherichia coli and are likely to be 





2. Membrane targeting and insertion 
Compared to most soluble proteins, the biogenesis of membrane proteins is 
more complex and requires machinery to target the proteins and to insert them into the 
membrane. Both in pro- and eukaryotic cells, the majority of the membrane protein 
translocation occur through a universally conserved Sec (secretory) pathway. The 
following steps are crucial for a successful translocation and integration of proteins into 
the membrane in functional form: i) identification of the protein to be translocated; ii) 
discrimination between the protein to be translocated into the membrane and proteins 
to be secreted; iii) integration and export of the proteins into or across the lipid bilayer; 
and iv) functional folding of the membrane integrated protein without disrupting the 
membrane integrity. 
The membrane protein substrates that need to be inserted into the membrane 
via the Sec pathway are identified by the Signal Recognition Particle (SRP).  The SRP 
is universally conserved and is composed of an RNA molecule and a variety of protein 
components (Table 1), with the chloroplast and bacteria like Lactococcus lactis 
MG1363 being the exception as their  SRP does not comprise a RNA molecule (233). 
The emerging nascent chain from the translating ribosome (Ribosome Nascent Chain 
(RNCs)) is recognized by the SRP (134,303), and the presence or absence of a 
positively charged N-terminal signal sequence in the RNCs differentiates between 
secretory proteins and membrane proteins. The N-terminus of secretory proteins 
generally possess one to three positively charged amino acid residues followed by 10-
15 hydrophobic residues, which act as a signal sequence (or presequences). Most 
preproteins, in Escherichia coli these are the periplasmic and outer membrane proteins, 
are targeted to the Sec translocase via the molecular chaperone SecB. Membrane 
proteins in general do not possess a signal sequence, but their first hydrophobic 
transmembrane segment functions as a signal for membrane targeting and insertion 
(106,189). The SRP binds to the first hydrophobic transmembrane segment of the 
RNCs and then targets the protein-ribosome complex to the membrane. The nascent 
proteins are subsequently released into the heterotrimeric protein conducting channel, 
called Sec-translocon (Table 1). The transfer of a nascent polypeptide into the Sec 
pore requires energy and is driven by SecA-mediated ATP hydrolysis in bacteria and 
by trapping by Binding Protein (BiP) in eukaryotes. Based on the mode of translocation, 
two general mechanisms for Sec-dependent protein translocation are distinguished: i) 
Co-translational translocation, in which the protein translation is arrested upon binding 
of SRP to RNCs, proceeds once the SRP-RNC complex binds to the membrane 
receptor FtsY (see Fig. 1); and ii) Post-translational translocation, in which proteins are 
transported to the membrane once their synthesis is complete. Integral membrane 
proteins of the cytoplasmic membrane use the path of co-translational translocation, 
whereas secreted or outer membrane proteins follow the path of post-translational 
translocation; the proteins are kept unfolded by specific chaperones such as SecB in 
Escherichia coli. For detailed mechanistic insight into these two modes of protein 




Besides the Sec pathway, a simpler route for membrane insertion of a subset 
of proteins has been identified. This pathway makes use of the evolutionarily conserved 
YidC, Oxa and Alb3 proteins that have been identified in bacteria, mitochondria and 
chloroplast, respectively (39). Although these proteins can function in association with 
the Sec pathway in bacteria and chloroplasts, they have also been proposed to 
catalyze  protein translocation independent of the Sec-system (34,237). The membrane 
insertion of a number of proteins has been shown to be strictly dependent on YidC (or 
its homologues), such as subunit c of the F1F0-ATP synthase of mitochondria and 
bacteria (3,283) and light-harvesting chlorophyll-binding proteins in chloroplast (180).  
 









B. subtilis   L. lactis 
Yeast Mammals chloroplast Archaea 
 
Sec mediated protein translocation 








































































SRP9     
SRP14   
SRP19   
SRP21    
SRP54   
SRP68   
SRP72 
 
SRα            















































SecF   














SecY   













































OxaA1 - Alb3 Hsp* 
* Not present in all the members of the taxa 






Fig. 1. Schematic representation of the paths for membrane protein biogenesis. The scheme is based 
on known components in E. coli (protein chaperones other than SecB, chaperones and membrane-bound 
proteases are not indicated) (A) Sec-mediated post-translational targeting, (B) Sec-mediated co-translational 
targeting, and (C) Sec-independent YidC-mediated targeting. (D) Misfolded proteins can end up in inclusion 
bodies. Abbreviations: RNC, Ribonucease Nascent Chain; SRP, Signal Recognition Particle. The cartoons in 
the figure are not to scale. 
 
Also, YidC has been shown to play a role in membrane protein folding (236), that is, the 
SecYEG-associated YidC can provide a post-insertional chaperone function (185,298). 
YidC is conserved in all bacteria and euryarchea but homologues have not been found 
in eukaryotes and crenarchaea.  Interestingly, in contrast to Gram-negative bacteria, 
the genomes of some Gram-positive bacteria encode two YidC proteins (YidC1 and 
YidC2). Deletion and complementation studies in Streptococcus mutans have shown 
that YidC1 and YidC2 are paralogues (95). There is evidence that the function of YidC2 
from S. mutans is similar to that of OxaA1 from mitochondria and that this protein 
facilitates co-translational insertion of membrane proteins (66). The primary function of 




translocation as its genomic deletion in S. mutans is less detrimental when compared 
to the deletion of YidC2 (95). 
 
3. Naturally abundant membrane proteins 
Occasionally, expression levels of membrane proteins in natural tissues are 
sufficiently high to allow their purification and subsequent structural characterization. To 
date 174 unique membrane protein structures are available of which approximately 
35% are the proteins isolated from natural source. The membrane proteins highly 
abundant in natural sources of which the structures have been solved include porins 
(44,184), proteins involved in photosynthetic reactions (159,205) and light harvesting 
complexes (115), electron-conducting complexes of respiratory chains (253,317) and 
others (182,200). However, for the majority of channel, transporter and receptor 
proteins, their native levels are too low and either homologous or heterologous 
expression systems are required.  
 
4. Expression systems  
Choosing the best cellular background is the key for successful protein 
expression. If homologous expression is not possible or not efficient, an expression 
host closely related to the gene donor proves often most successful (85). Most likely, 
this results from factors such as the biogenesis machinery, folding environment, tRNA 
levels, lipid bilayer composition and/or post-translational modifications, which better 
match the native expression environment of the protein and thereby improve the yields 
of functional protein. In the following sections, an overview of the most successful 
expression systems is presented. 
 
4.1. Prokaryotic expression systems 
Due to their relative ease of cultivation and genetic manipulation, prokaryotic 
expression hosts are an attractive starting point for expression screening. The basic 
advantage of bacterial cells is their short generation time which offers rapid testing and 
optimization of the expression levels and rapid production of sufficient cell mass. Often 
the genetics are well described (e.g., as for E. coli, Bacillus subtilis, Lactococcus lactis), 
and cloning vectors and mutant host strains are available or can be generated relatively 
easily. Despite these advantages, the expression of eukaryotic membrane proteins is 
often challenging in bacterial hosts, presumably due to a mismatch of membrane 
protein biogenesis machinery or kinetics of protein synthesis and folding. The 
overexpressed membrane protein can be mistargeted and/or misfolded, for instance as 
a result of higher rate of synthesis in bacteria than in the native eukaryotic hosts (83). 
Another disadvantage of bacterial cells is their inability to perform many post-
translational modifications such as glycosylations. In addition, the difference in the lipid 
composition (bacterial cell membranes generally lack steroids, sphingolipids and 
polyunsaturated lipids) may compromise the activity once the protein has been inserted 
and assembled correctly into the membrane. Despite these caveats, the ease of 
General introduction 
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working with prokaryotic hosts and the possibility to tune expression factors makes 
them even for membrane proteins of eukaryotic origin an option that is worthwhile 
exploring. To date more than 50% of the known unique membrane protein structures 
are the ones that are overexpressed in prokaryotic hosts mainly E. coli. 
 
4.1.1. Escherichia coli  
The unsurpassed ease of genetic manipulation, the wealth of documented 
case studies and fast generation time (doubling of 20-60 min, depending on the growth 
medium) make the Gram-negative bacterium E. coli generally the host of first choice for 
initial screening of recombinant expression. Many tools have been developed for 
genome engineering and gene cloning and expression. Both complex broths and 
chemically defined media are available and cells can be grown to very high densities 
(OD660 of 10-100) at an optimal temperature of 37˚C. A wide variety of plasmids with 
copy numbers ranging from ~2 up to >100 per cells is available. Inducible promoters 
with various strength ranging from relatively weak (lac) to moderately high (trc, tac, 
tetA, araPBAD and rhaPBAD) and very strong (T7 and lac/T5) are available (92,267). 
Importantly, various plasmid systems that facilitate high-throughput cloning and 
expression trials are available, such as GatewayTM, Ligation-independent cloning, and 
the Univector plasmid-fusion system (6,153,300). Several specialized strains have 
been developed to overcome problems commonly observed when overexpressing 
proteins, e.g., the Rosetta strains (Novagen) with enhanced levels of tRNAs for rare 
codons, strains lacking a specific protease such as BL23(DE3) (devoid of OmpT and 
Ion proteases), strains with enhanced disulfide bond formation, e.g. the Origami strains 
from Novagen, and others. In addition, several approaches are available to co-express 
factors whose low-abundance forms a bottleneck limiting the correct folding of proteins 
(35,47,76,152).  
Membrane proteins can be expressed in E. coli either in a correctly-folded and 
membrane-inserted state or as insoluble cytosolic aggregates (inclusion bodies). These 
inclusion bodies can be dissolved and sometimes the proteins can be refolded to their 
native state (8,126). This procedure is relatively efficient for outer membrane β-barrel 
proteins (150). Protein production in inclusion bodies holds a number of advantages 
over expression of well-folded material: i) it is often less a burden to the cell; ii) 
inclusion bodies are less prone for degradation; iii) toxic proteins are mostly non-toxic 
in inclusion bodies; iv) the target protein can be isolated relatively pure from inclusion 
bodies; and v) high expression levels can be reached. Despite these advantages, the 
poor success rates of the renaturation procedure for α-helical membrane proteins 
makes expression in their functional membrane-inserted state the preferred option.  
Though not completely controlled, it is often possible to influence the state in 
which the membrane protein is overexpressed, that is, either functionally in the 
membrane or as soluble aggregate. Inclusion bodies mostly emerge when the 
transcription and translation rates are high, such as when a fully-induced and strong 




To avoid inclusion bodies, one can use tunable promoters of intermediate strength, 
media that allow a more gradual onset of expression (77) or a slower growth at 
temperatures significantly below the one supporting optimal growth (68,214,297). 
 
4.1.2. Lactococcus lactis 
Over the past decade, the Gram-positive bacterium Lactococcus lactis has 
emerged as an alternative and complementary host for heterologous protein production 
(141,179,183,194,213). L. lactis is a facultative anaerobe that grows rapidly in complex 
or synthetic media (doubling times of 40-50 min) and proceeds to intermediate cell 
densities (OD600 ~5) at an optimal temperature of 30˚C. Various constitutive (284) and 
inducible (46,154,178) promoter systems are available of which the well-tunable nisin 
system is used most often (45,69). Compared to E. coli, the genetic manipulation in L. 
lactis is less efficient but high-throughput cloning-expression systems have been 
developed also for this host (65,69).  
L. lactis has limited proteolytic activity (Fig. 2) and contains a single membrane 
with a high fraction of glycolipids. The thick cell wall requires harsher conditions during 
cell disruption than needed for E. coli, but if this is taken into account, membrane 
vesicles can be prepared with high efficiencies. Being a multiple amino acid auxotroph 
with well-characterized transport systems for amino acids and peptides, L. lactis can 
readily be employed for incorporating amino acid analogues (13,61). In addition, the 
activity of the overexpressed protein can be evaluated by whole cell transport or 
binding assays more readily than in Gram-negative bacteria because of the absence of 
an outer membrane (141,179).  
The most predominantly used lactococcal strain for protein expression is the 
NZ9000 strain, which is a derivative of MG1363 in which the nisRK genes have been 
inserted into the pepN locus. NisR and nisK encode a two-component regulatory 
system, NisR being the transcription factor and NisK the nisin sensor, that allows 
controlled transcription from the nisin A promoter. The L. lactis nisin A-inducible 
promoter system is very tight and gene expression can be achieved in a dynamic range 
of more than 1,000-fold. Most recently, a strategy was devised to isolate derivatives of 
NZ9000 with increased functional expression of (membrane) proteins. The evolved 
strains have been sequenced and represent a next generation of expression hosts 
(151). Additionally, tools have been developed for co-expression of factors that 
enhance the functional overexpression of membrane proteins (171,210).  
  Despite the fact that many pro- and eukaryotic membrane proteins have been 
successfully overexpressed in L. lactis, a direct comparison of the expression potential 
of E. coli and L. lactis, based on a well-balanced large set of genes from both closely 
related and more distant species, is lacking. A comparison of expression of 14 
transport proteins from Salmonella typhimurium (9 targets; like E. coli, S. typhimurium 
is a member of the family of Enterobacteriaceae), Aquifex aeolicus (4 targets) and 
Pyrococcus furiosus (1 target), showed that most (5/9) of the S. typhimurium targets 
expressed equally well in both hosts and 3/9 performed better in E. coli and 1/9 in L. 
General introduction 
 15 
lactis. Expression of the genes derived from the hyperthermophilic hosts exhibited a 
more distinct host preference: approximately half of the target set was expressed better 
in either one of the hosts and the overlap was minimal (257). A similar experiment, but 
with a target set more focused towards Gram-positive bacteria (16 out 20 protein 
complexes were derived from Gram-positive gene donors (Table. 2)) was conducted by  
 
Table 2. List of proteins tested for expression in E. coli and L. lactis. 
 


















ProV + ProWX Proline-choline transport 81845044 81744088 



















7 Lactococcus lactis 
subsp. Lactis IL1403 
ChoQ + ChoS Choline transport 81856612 81783126 




Glycine betaine transport 6119663 6119662 
9 Lactococcus lactis 
subsp. Lactis IL1403 
BusAA + 
BusABC 
Glycine betaine transport 12724443 12724442 




Glutamine transport 49242229 49242228 




Putative amino acid transport 16804289 16804290 




Putative amino acid transport 16802888 16802889 




Putative amino acid transport 75700936 75700937 
14 Listeria innocua Lin2352 + 
Lin2353 
Putative amino acid transport 81525616 81853884 
15 Listeria innocua Lin0840 + 
Lin0841 
Putative amino acid transport 81527273 81854009 
16 Streptococcus 
agalactiae NEM316 















Amino acid transport 15900370 81855087 
20 Lactococcus lactis 
subsp. Lactis IL1403 
GlnP + GlnQ Glutamine transport 81537584 81856547 
aID: the number corresponds to protein number in SDS-PAGE gels shown in Fig. 2. 







Fig. 2. A comparison of the expression levels of ABC transporters from the Polar Amino acids and Opines 
(PAO) and Osmoprotectants Taurine Cyanate and Nitrate (OTCN) family in E. coli and L. lactis (for details of 
the proteins see Table 2). Membrane vesicles of E. coli cells (Panel A and C) or L. lactis (Panel B and D) 
overexpressing ABC transporters were submitted to SDS-PAGE and Coomassie-staining (Panel A and B) or 
immunoblotting with an antibody directed against the His-tag (Panel C and D). Numbers above the panels 
indicate the overexpressed ABC transporters (indicated in Table 2). For each transporter, an N- (left lane) 
and C-terminal (right lane) His-tag was used, resulting in tagging either one of the subunits (the membrane 
domain or the nucleotide-binding domain). Black and white arrows indicate His-tagged and non-tagged 
subunits, respectively. Marker bands of 170, 130, 100, 70, 55, 40, 35, and 25 kDa are indicated on the left. 
For each gel, the most right lane shows a sample of membrane vesicles of cells containing an empty plasmid 
(labeled “NEG”). 
 
Geertsma and Schuurman-Wolters (Fig. 2). Here, a large (70%) fraction of proteins 
was found to express in both hosts. Approximately 10 and 20% of the target set 
expressed only in L. lactis or E. coli, respectively. Of the proteins produced in both 
hosts, 40% expressed to higher levels in E. coli and 30% to higher levels in L. lactis. 
Notably, for 45% of the proteins expressed in E. coli additional bands of lower 
molecular weight were observed, indicative of breakdown products, whereas this was 
only 10% for L. lactis. 
General introduction 
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Expression of the SiaQM transporter from Haemophilus influenza proved better 
in L. lactis; not only was more protein produced and was the breakdown significantly 
less, expression of the protein hardly influenced cell proliferation, whereas it completely 
halted the growth of E. coli (183). The sodium/tyrosine transporter Tyt1 from 
Fusobacterium nucleatum was expressed in both hosts, but the fraction of functional 
protein was higher in L. lactis (213). Improved functional expression levels in L. lactis 
were also observed for mitochondrial transport carriers and the human KDEL-receptor 
(141). The development of L. lactis as an alternative and complementary expression 
host for membrane proteins started relatively late as compared to E. coli. Despite the 
shorter timeframe, the lactococcal expression suite is very complete and easy to use, 
though some areas, such as high-density fermentation, require further developments. 
 
4.1.3. Alternative bacterial expression systems 
The Gram-positive bacterium Bacillus subtilis is another alternative host for 
recombinant membrane protein expression. The relative ease of genetic manipulation, 
fast generation times and the availability of various expression systems prompted the 
expression trials for various membrane proteins (21,70,232,269,325). Besides these 
advantages, the exploitation of this host for expression of membrane proteins is limited, 
in part owing to the relatively high proteolytic activity of B. subtilis, which manifests itself 
when the cells are disrupted for membrane or protein isolation. A number of groups are 
exploiting the unique physiology of Rhodobacter sphaeroides and R. capsulatus for the 
heterologous expression of membrane proteins 
(http://www.bio.anl.gov/structural_biology/membranep1.html). These non-sulphur 
purple bacteria offer attractive characteristics for the expression of membrane proteins 
with complex redox co-factors. Moreover, under growth conditions of low oxygen 
tension and exposure to low light, the organism produces extra membrane space 
(invaginated cytoplasmic membranes), which allows to accommodate more membrane 
proteins. Some redox enzymes that failed to be produced in E. coli were successfully 
overexpressed in functional form in R. capsulatus (48,120). The archaeon 
Halobacterium salinarum has been successfully used for recombinant expression of 
rhodopsin and derivatives (9,275), but may have potential for membrane proteins from 
halophiles in general. 
 
4.2. Eukaryotic expression systems 
Eukaryotic expression hosts have in many cases proven to be successful for 
the production membrane proteins from higher eukaryotes, e.g. G-protein coupled 
receptors. Their ability to perform many of the posttranslational modifications, including 
efficient disulfide bond formation and glycosylations, offers a distinct advantage over 
prokaryotic expression systems. In some cases it has been shown that a particular lipid 
requirement, e.g. cholesterol, sphingolipids or glycolipids, can make a difference in the 
success of recombinant expression (202). In general, prokaryotes do not posses 




outer leaflet than is the case in eukarya (202). Although for many (if not most) 
membrane proteins the lipids are more than a solvent for embedding of the protein, the 
role of lipid composition in the functional expression of integral membrane proteins has 
been hardly studied.  
Despite these advantages, the major limitation of higher eukaryotic expression 
systems is the more complicated, more costly fermentation and long generation times 
(16-24 h) of for instance insect and mammalian cells. Lower eukaryotes like yeasts and 
fungi offer the advantage of relative ease of fermentation and various post-translational 
modifications that mimic those of higher eukaryotes.  
 
4.2.1. Yeasts 
Of all the available eukaryotic expression hosts, unicellular yeasts are most 
often used for recombinant membrane protein production. Yeasts combine attractive 
prokaryotic features, such as relatively short generation times (doubling time ~2 h) and 
inexpensive cultivation, with eukaryotic membrane protein biogenesis machinery and 
the ability to perform several post-translation modifications.  Yeast cells are generally 
grown in liquid broths with hexose-sugars or alcohols or organic acids as carbon 
source. Various growth media are available for yeast cultivation of which the 
commercially available potato dextrose or yeast peptone dextrose or a chemically 
defined medium are commonly used. The yeast cells grow either in presence or 
absence of oxygen at an optimal temperature between 20-30˚C and neutral pH. Yeast 
is well suited for membrane protein expression due to the relative ease of genetic 
manipulation, efficient DNA transformation, and cloning. The lipids of yeast plasma 
membranes are composed of phospholipids, sterols (ergosterol) and sphingolipids 
(inositol) (202). Numerous plasmids for recombinant membrane protein expressions 
are available and are maintained either in episomal form or integrated in the genome.  
Several yeasts have been developed as expression hosts, to name a few:  
Hansenula polymorpha, Yarrowia lipolitica and Kluyveromyces lactis. Here, we briefly 
discus the yeast most commonly used for membrane protein overexpression: 
Saccharomyces cerevisiae, Schizosaccharomyces pombe and Pichia pastoris. S. 
cerevisiae has been most widely studied for the expression of membrane proteins from 
eukaryotic origin (113,204). Various constitutive (PGK1) and inducible (GAL1 or 
GAL10) promoters are employed to fine tune the expression (203,311). In addition, 
various fusion tags are available that assists in rapid screening of membrane protein 
expression in a high-throughput fashion (54,148,188). A concern of S. cerevisiae is the 
occurrence of hyperglycosylation, which can affect the stability, folding and/or targeting 
of the protein (17,96).  Compared to S. cerevisiae, P. pastoris may offer some 
advantages like i) availability of very strong inducible (methanol-inducible AOX1) 
promoters (100,249); ii) efficient growth of these cells in defined medium enables the 
incorporation of isotopes. An interesting characteristic of S. pombe is its mammalian-
like glycosylation, which makes it attractive for mammalian membrane protein 




4.2.2. Insect cells 
Insect cells such as the Spodoptera frugiperda ovarian cell lines Sf9 and Sf21 
are frequently used for the production of membrane proteins from higher eukaryotes, 
because their membrane lipid composition and protein processing machinery 
resembles that of mammalian cells. Insect cells are preferred over mammalian cell 
lines as their maintenance is relatively simpler. The expression is based on the 
infection of insect cells with a recombinant baculovirus containing the gene of interest 
behind a viral promoter. Transfected viral genomic DNA will hijack the protein synthesis 
machinery of the cell, leading to expression of the target gene (157).  
Insect cells are grown in monolayers as well as in suspensions in commercially 
available serum free or protein free growth media. They grow at an optimal temperature 
between 25 and 27˚C with high oxygen consumption. Unlike mammalian cells they do 
not require CO2 for growth. Large-scale culturing (up to ~100 L) of insect cells with 
unaltered growth kinetics and expression levels has been made possible with the 
introduction of airlift or stirred tank reactors. The more expensive cultivation and long 
generation times (18-24 h), compared to bacterial and yeast systems, make the insect 
cell expression system less amenable for high-throughput screening. Unlike bacteria, 
insect cell membranes contain sterols and even cholesterol but in quantities much 
lower than in mammalian cells (202,274). Various expression systems are available of 
which the vectors derived from Autographa californica multiple nuclear polyhedrosis 
virus (AcMNPV) are most commonly used (11,43); in special cases the Bombyx mori 
nuclear polyhedrosis virus (BmNPV) is used (58). Major drawbacks of the viral vectors 
used to be their time-consuming construction (2-3 weeks) and the getting of a high 
enough titer for infection. The former has been simplified by the introduction of shuttle 
bacmids holding recombination sites that facilitate the insertion of a plasmid vector 
containing the gene of interest (marketed as the Bac-to-Bac system by Invitrogen) 
(136,158). The expression of foreign genes is often done under the control of a strong 
viral promoter (e.g. Polyhedron or p10). The co-expression of various protein modifying 
enzymes (e.g. chaperones) to improve functional protein production has been explored 
in a number of cases (256). 
Several insect cells are available for recombinant protein expression of which 
the Spodoptera frugiperda ovarian cell lines Sf9 and Sf21, and the High-Five cells from 
egg cells of Trichoplusia ni and Mammestra brassicae (Mb) are most commonly used. 
Various protocols for usage and optimization of cell lines, growth media, cell densities 
for viral infection (time of infection), and the time required for harvesting following 
infection of the cells are available (62,94). Even though insect and mammalian cells 
glycosylate proteins at the same sequence (Asn-X-Ser/Thr), the recombinant 
expression of mammalian proteins in insect cells often shows underglycosylation 
(274,294,302). Despite these limitations, insect cells have been successfully used to 






4.2.3. Mammalian cells 
Mammalian cells are seemingly the ultimate choice for the recombinant 
expression of membrane proteins from higher eukaryotes like mammals as they 
provide the most native-like cellular environment. Although the expression levels are 
often sufficient for functional analyses (e.g. ligand-binding), the protein yields often fall 
short in the demands of structural studies (166). Production of recombinant protein in 
mammalian cells can be accomplished either through transient transfection, viral 
infection, or through integration of foreign DNA into the host cellular genome. Even 
though the transient expression results in cell death after some days, the generation of 
these cell lines is fast and efficient. However with respect to the generation of stable 
cell lines, one needs to analyze several clones for protein expression after transfection. 
The protein yields vary between the transformants either due to differences in the copy 
number of the target gene in the genome or the shielding of the target gene by the 
chromatin. 
The growth of mammalian cells demands for the presence of various growth 
factors that are derived from human blood or calf serum. The culture and maintenance 
of these cell lines can be troublesome as the growth factors supplemented to growth 
media are prone to viral or prion contaminations. Cells are grown in suspension or as 
adherent cultures at an optimal temperature of 37˚C in the presence of 5% CO2. Similar 
to insect cells, the cost-effective maintenance and long generation times (~24 h) limits 
their use for large-scale recombinant protein expression. Various viral vectors are 
available of which the Semliki Forest Virus (SFV) is most commonly used. The 
recombinant expression of protein is predominantly under the control of constitutive 
promoters (e.g. 11K or P10). However, if the target gene expression is toxic to the cells 
inducible promoters (e.g. metallothionein or glucocorticoid responsive elements) are 
available that can be used to tune the protein expression level to prevent detrimental 
effects. 
A variety of cell lines are available for recombinant protein expression of which 
monkey kidney (COS), Chinese hamster ovary (CHO), baby hamster kidney (BHK-21), 
human embryonic kidney (HEK-293), human epitheloid carcinoma (HeLa) and GH3 cell 
lines are often used. A number of GPCR’s (64,111,219,276,308), the GABA transporter 
(125), GLUT transporter (234) are expressed in levels sufficient for functional but not 
for structural analysis. In a few cases, protein production yields were achieved that 
allowed crystallographic studies (123,244,277).  
 
4.2.4. Alternative expression systems.  
Alternative to the heretofore described hosts, a number of other expression 
systems have been developed of which the Leishmania tarantole, a trypanosomatid 
protozoan parasite, is relatively frequently used. The production of membrane proteins, 
especially those with mammalian-like N-glycosylation patterns, has been successful in 
L. tarantole (23). The basic advantage of L. tarantole with respect to mammalian cells 
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is the lower cost and faster growth (doubling time of 6-8 h). Various constitutive and 
regulated promoter systems are available (23,144). Till date several membrane 
receptors have been functionally overexpressed in L. tarantole, however their 
usefulness in structural genomics studies has not been reported yet (10). 
Next to the above menctioned expression systems, the production of 
membrane proteins, biopharmaceuticals and glycoproteins in genetically-modified plant 
cells is receiving more attention. The basic advantage of plant cells is its i) safe and 
inexpensive growth; ii) low risk of contamination with pathogens and endotoxins; and iii) 
capacity for post-translational modifications. Various foreign membrane proteins have 
been expressed in plant cells, but with a few exceptions the expression levels are low 
(~0.01 to 0.3% of total cell protein) (41,73,93,174,258). The initial plant-based 
expression systems did not express human glycoproteins, which was due to the 
difference in the pattern of protein N-glycosylation (74). However, plant cells with 
humanized glycosylation machinery have been successfully generated (229). The 
major disadvantage of this system is proteolytic degradation and gene silencing, which 
occurs during nuclear transformation and down-regulates the expression of 
recombinant proteins (254). Some of the drawbacks of expression in plant cells were 
overcome by introducing the recombinant DNA into chloroplasts (so-called 
transplastomic plants) (40,165). The basic advantages of chloroplast transformations 
are: i) a higher copy number of recombinant genes because of the many chloroplasts in 
a typical photosynthetic cell; ii) the absence of gene silencing; iii) the possibility to 
express multiple genes in a single operon; and iv) a limited toxicity for the plant cell due 
to protein production in the chloroplast. Many therapeutic proteins have been 
successfully expressed, using the chloroplast transformation technology (32), but so far 
there are no examples of membrane proteins expressed in this system. So, the 
potential is there but it has not been explored. 
 
4.3. Cell-free expression 
Over the past decade, cell free expression systems have developed as a 
potential alternative for the production of (membrane) proteins for structural and 
functional studies. In cell-free expression, the transcription and translation machinery 
derived from bacterial (E. coli) or eukaryotic (wheat germ, rabbit reticulocytes or insect 
cells) cells is supplied with the gene(s) of interest, amino acids (or amino acid 
analogues), and nucleotides (127,162,227). The essential metabolites for transcription 
and translation are supplied throughout the reaction by either of the following two 
methods: i) a continuous-exchange cell-free (CECF) method, in which a passive 
exchange of substrates and by- products takes place through dialysis (129): or ii) a two 
layer diffusion system in which the reaction mixture is carefully overlaid by the feed 
mixture without separation by a dialysis membrane (228). Membrane proteins can 
either be produced as precipitants/aggregates or in a solubilized state in the presence 
of detergents. The proteins thus produced can be achieved in functional form by 




approach have been well described (235,273). An alternative approach to this is the co-
translational insertion of membrane proteins into Sec or YidC-containing 
proteoliposomes, which has proven successful but the yields have been low so far 
(117,196,197). 
A major advantage of cell-free synthesis is the decoupling of cell viability and 
growth from protein expression. Furthermore, the reaction mixture can be easily 
manipulated by the addition of folding catalysts or lipids at any time. So far, the majority 
of membrane proteins produced in cell free systems were in a non-native state and 
required subsequent refolding and reconstitution steps. In a limited number of cases, 
however, functional protein was obtained in quantities amenable for structural studies 
(36,149). A direct comparison of the expression of 120 different E. coli membrane 
proteins in a conventional E. coli in vivo system and the E. coli-derived cell-free 
expression system showed that 63% of proteins were expressed in the cell-free 
system, whereas only 44% were expressed in vivo. Qualitative assessment of the size 
and monodispersity of five proteins well expressed in the cell-free system showed that 
four of them were homogeneously produced  (226).  
 
5. Expression tools 
After choosing the appropriate production host, one may need to examine and 
optimize the expression conditions. The most relevant parameters will be described 
below:  
 
1) mRNA concentration. It is often observed that an increase in transcription (stronger 
promoter) does not lead to an increase in the yield of functional membrane protein; in 
fact, the opposite, a reduction in protein yield, may be observed (68,171,239,309,310).  
The mRNA levels depend on various factors like plasmid copy number, promoter 
strength and stability of the transcript. Most of these parameters can be manipulated 
experimentally.  
Plasmid copy number influences the mRNA levels. In L. lactis, a low or 
moderate copy number is often preferred for expression in prokaryotic hosts. A high 
copy number of the plasmid may become a burden to the cell and negatively affect 
expression through growth inhibition. An ideal promoter should be tight and have a 
large dynamic range of expression, e.g. like the nisin A system of L. lactis (45).  As the 
optimal transcription level needs to be determined experimentally, inducible promoters 
are preferred over constitutive ones (68,77,146). mRNA stability is an important factor 
in determining the endogenous levels of proteins in a cell, but the stability of the 
recombinant transcript has hardly ever been studied in the context of optimizing 
(membrane) protein expression. The presence of a transcription termination signal 
immediately downstream of the coding sequence of the target gene can stabilize the 




2) Quantitative and qualitative assessment of membrane protein expression. 
Major concerns with regard to recombinant membrane protein expression are: i) the 
yield of protein (quantity), ii) the integration into the membrane and the assembly of the 
protein in a functional form (quality). To assess the quality and quantity, one needs a 
fast and reliable method to detect the total expression level and preferably also the 
quality of the produced protein. The levels of membrane proteins are often too low to 
be identified by Coomassie- or silver-staining of SDS-PAGE gels.  The availability of an 
appropriate antibody directed against the protein or specific tag engineered at the N- or 
C-terminus can alleviate this problem. However, the quantitative assessment of 
membrane protein expression by immunoblots is not always efficient as the 
hydrophobic nature of the proteins limits their transfer from the gel to the blot 
membrane (135). The functionality of the protein can be assessed by binding assays or 
enzyme/transport assays, however, their application is often not compatible with high-
throughput screening of multiple expression conditions. The functionality of the protein 
can be assessed by fusing reporters like GFP to the C-terminus of the protein 
(53,55,188). Several groups have shown that fusing GFP to the C-terminus of a 
(membrane) protein can be used as an indicator for gross folding. If the target protein, 
fused N-terminal to GFP, becomes misfolded during the biosynthesis, it drags GFP in a 
misfolded, SDS-sensitive state. If the protein becomes properly folded the GFP barrel 
will be synthesized as a fluorescent SDS-resistant moiety; the SDS-sensitive and SDS-
resistant conformations can be readily discriminated on SDS-PAGE and immunoblots  
(56,68). GFP fusions also allow to screen for cells with high-level expression by 
fluorescence-activated cell sorting (FACS) (152,167,192).  
 
6. Host screening/strain selection 
Miroux and colleagues have developed variants of E. coli BL21(DE3), named 
C41(DE3) and C43(DE3), with improved membrane protein production capabilities. The 
selection of these strains was based on their ability to survive the toxicity imposed by 
the overexpression of a membrane protein in inclusion bodies. Strains C41(DE3) and 
C43(DE3) are in fact first and second generation mutants that grow to higher density 
when (over)expressing membrane proteins (177). The expression of various membrane 
proteins in these mutant strains has been shown to be superior over that of the parental 
strain BL21(DE3) (173,247,293). Initial characterization of the C41(DE3) and C43(DE3) 
strain indicated that membrane protein production was accompanied by the 
proliferation of extra intracellular membranes, thereby providing the cell with extra 
space for inserting membrane proteins (5). Later on, the group of de Gier showed that 
C41(DE3) and C43(DE3) carry mutations in the lacUV5 promoter, which decrease the 
transcription of the T7 RNA polymerase and thereby down-regulate the transcription of 
the target gene(s) (297).  
Recently, Bowie and coworkers showed that expression of membrane proteins 
in E. coli can be enhanced up to 90-fold. For this, two antibiotic selection markers were 




to random mutagenesis by either using the non-natural base 2-aminopurine or the 
mutator gene mutD5, followed by selection for resistance to the first antibiotic marker. 
The resistant strains were isolated and transformed with plasmid possessing the target 
membrane protein tagged with the second antibiotic marker and then subjected to a 
second round of mutagenesis and selection on the basis of both antibiotic markers 
(175). The basis for the improved membrane protein overproduction characteristics of 
the evolved strains has not been determined. Similarly, Poolman and colleagues have 
isolated L. lactis NZ9000 strains with a 2-to 8-fold increase in the expression of various 
membrane proteins. The evolution of these strains was based on a selection method 
using a fusion of the target protein to both GFP and an erythromycin resistance marker 
(ErmC) at its C-terminus. Whereas increased resistance towards erythromycin was 
used to select for hosts which yielded increased expression, the (increased) GFP 
fluorescence was used to ensure for correct folding of the target protein (151). 
Characterization of the strains by whole genome sequencing showed that mutations in 
the nisK gene were responsible for the improved expression levels. This gene encodes 
the sensor protein of a two-component regulatory system which directs nisin A-
mediated expression. The improved expression in the evolved L. lactis strains was not 
due to a higher cell yield but the protein production per cell was higher. 
 
7. Protein engineering 
Next to optimizing the expression host, the target membrane protein can also 
be submitted to rounds of mutagenesis to improve its stability. The poor stability of 
solubilized membrane proteins can be enhanced by the introduction of disulfide bonds 
(145,250). Bowie and coworkers have employed a mutagenesis approach to increase 
the thermostability of diacylglycerol kinase by substituting 20 amino acids with cysteine 
residues. Although most of the cysteine mutants had similar or higher thermal stability 
compared to Cysless-diacylglycerol kinase, two mutants were found to have 
significantly increased stability. A double mutant in which the two single mutations were 
combined displayed the highest thermostability (145). To enhance the thermostabilty of 
GPCRs, Tate and coworkers have employed an alanine-scanning approach whereby 
318 residues of the β1-adrenergic receptor were individually replaced by an alanine. By 
combining mutations, each yielding an increased thermostability, a six-point mutant 
was obtained with a spectacular increase in thermostability of 21˚C. This mutant 
showed increased solubility in various detergents and was successfully crystallized 
(238,304). Recently, Plückthun and coworkers have designed an efficient strategy to 
engineer GPCR’s for higher levels of functional expression. A periplasmic expression 
with cytometric screening (PECS) methodology was employed for isolation of rat 
neurotensin (NTR1) with improved stability and defined ligand sensitivity. A library of 
NTR1 mutants generated through a directed evolution approach was expressed in E. 
coli and exposed to a fluorescent substrate. The cells expressing higher levels of 
functional NTR1 were subsequently isolated by FACS (225). 
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8. Homologue screening 
Rather than optimizing the expression of a given protein, one may screen a set 
of homologous proteins and choose the best for further functional or structural studies. 
In the late nineties of the last century, Rees and coworkers employed this strategy for 
the overexpression of channel proteins. In case of the mechanosensitive channel of 
large conductance (MscL), homologues from nine different prokaryotic species were 
analyzed for expression in E. coli (31) and one of these ultimately proved successful in 
crystallization trials. Similarly, the first ABC transporter was crystallized following 
cloning and expressing in E. coli of 28 distinct ABC transporter genes (155).   
 
9. Stress response upon membrane protein expression 
Despite increased knowledge of membrane protein biogenesis, the information 
about the response of host cell to recombinant protein production is essential for 
forward engineering of cells for functional protein production. In 2003, Oesterhelt and 
colleagues monitored the Unfolded Protein Response (UPR) in S. cerevisiae to 
overexpression of membrane proteins. The host cell contained a reporter plasmid with 
the lacZ gene under the control of a transcriptional UPR element. The expression of a 
membrane protein, using a strong promoter and multi-copy vector, resulted in a high 
UPR, indicating saturation of the ER folding apparatus. The functional expression of the 
respective protein could be enhanced by reducing the synthesis rate of the protein to a 
level where the UPR was minimal. The overexpression of an endogenous protein did 
not lead to an UPR, suggesting that these proteins did not encounter folding problems 
(82). Thus, the UPR may be used as a measure to assess the amount of folded and 
unfolded protein. Despite the attractiveness of the approach, the UPR has not really 
been exploited to screen for heterologous expression of membrane proteins in yeast. 
Bill and coworkers have quantified the S. cerevisiae cell response to high- and 
low membrane protein overproduction by using yeast mini-arrays. They observed 
significant differential expression of 39 genes, mostly involved in membrane protein 
translocation and cellular physiology. Notably, the levels of transcripts for proteins 
involved in ribosome biogenesis, components of protein translocation and vesicular 
trafficking were suppressed upon membrane protein overproduction. Next to this, the 
increased levels of the SPR102 transcript, encoding the β-subunit of Signal 
Recognition Particle (SRP), pointed towards overloading of the translocation machinery 
on top of the normal 10- to 100-fold excess of ribosomes over SRP (20). Based on 
these observations, 43 deletion strains were constructed and their analysis 
demonstrated that deletion of GCN5, SPT3 and SRB5 (all involved in transcriptional 
regulation) enhanced the membrane protein levels. An upregulation of BMS1 transcript 
was observed in these deletion strains which resulted in improved protein expression, 
which suggested a direct link to protein synthesis. Bms1p is a nucleolar protein that 
regulates the biogenesis of the 40S subunit of the ribosome. Furthermore, tuning the 
BMS1 transcript levels by using doxycycline resulted in improved expression of various 




the ratio of 60S and 40S ribosomal subunits from 1:1 to 2:1, leading to slower growth 
and improved metabolic efficiency  under high yielding conditions (19). 
The physiological response of the E.coli host BL21(DE3) to membrane protein 
expression suggests both a general stress (including heat shock) and a specific 
metabolic response. In the employed experiments (295), the cells produced 
cytoplasmic aggregates containing the overexpressed proteins. Various chaperones 
and proteases were upregulated in these cells. In addition, the accumulation of 
periplasmic and outer membrane protein precursors in the cytoplasmic aggregates 
suggested a saturation of the cell translocation machinery. The levels of cytoplasmic 
respiratory chain complex proteins were decreased resulting in the induction of the 
acetate pathway for ATP production and down-regulation of the tricarboxylic acid (TCA) 
cycle (295).  
The characterization of the response of L. lactis to recombinant membrane 
production points towards a general and a specific stress response. Several 
chaperones and proteases are upregulated, presumably due to the accumulation of 
misfolded protein in the cell. A severe effect on cell growth was observed which is 
probably due to a diversion of nutrients towards the synthesis of recombinant protein or 
problems with the expression of endogenous membrane proteins and consequently a 
decreased internalization of nutrients. In contrast to the situation in E. coli, an 
overloading of the protein translocation was not observed in L. lactis (170,251). In 
addition, to a more general stress and metabolic response, a specific CesSR-mediated 
cell envelope response was observed. In fact, a wide variety of genes involved in cell 
growth and membrane protein biogenesis were upregulated upon membrane protein 
production (170,210). The forward engineering of the strains by co-expressing CesSR-
regulated proteins could restore the growth as well as the expression levels of some 
target proteins (210). 
To understand the difference in expression levels for various proteins in L. 
lactis cells grown in complex broth (GM17) and synthetic medium (GCDM), a 
comprehensive and quantitative proteomic analysis was undertaken. This study 
indicated that several proteins involved in peptide and amino acid metabolism were 
upregulated in the synthetic medium under conditions that membrane protein 
expression was generally low, suggesting a limitation in the capacity to accumulate 
branched-chain amino acids in the cytoplasm. Supplementation of the synthetic 
medium with branched-chain amino acid-containing di-peptides or an increased 
expression level of the branched-chain amino acid transporter relieved the stress 
response and increased the protein overexpression levels (171). 
 
10. Rational engineering of membrane protein expression through co-expression 
of limiting factors   
The recombinant membrane protein production involves a coordinated action 
of various proteins involved in their biogenesis, i.e., translation, membrane targeting 
and insertion and correct folding. Often overexpressed membrane proteins accumulate 
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either as degraded product or in inclusion bodies, which may be a direct consequence 
of either a lack or shortage of specific molecular chaperones or other biogenesis 
factors. An attractive strategy to alleviate this bottleneck is to supplement the host cell 
with proteins that are limiting. Even though this method is routinely employed to 
enhance the expression levels for challenging soluble proteins, it has proven extremely 
tedious to find the proper co-expressing molecule (270). Tate and coworkers optimized 
the expression of the serotonine transporter (SERT) in insect cells by overexpressing 
molecular chaperones involved in protein folding in the endoplasmic reticulum (264). 
Out of the four molecular chaperones tested only calnexin enhanced the functional 
expression significantly.  
Wang and coworkers attempted to increase the functional expression of a 
transporter in E.coli by co-expressing various chaperones (35). The overexpression of 
the bacterial magnesium transporter (CorA) in E. coli resulted mostly in inclusion body 
formation. Co-expression of chaperones (GroEL/ES), the component of signal 
recognition particle (Ffh) or SecA did not improve the fraction of folded CorA protein. 
However, the co-expression of the chaperones DnaK/J prevented the formation of 
inclusion bodies and enhanced the insertion of the protein into the membrane. 
Similarly, Georgiou and coworkers showed that co-expression of the membrane bound 
cell division protease FtsH could enhance the expression yields in E. coli of four 
different classes of human GPCR. Despite the increase in the expression levels, the 
amount of functionally active GPCR was not enhanced upon FtsH co-expression (152).  
In L. lactis, membrane protein expression elicited a specific cell envelop stress 
response, which is mediated by a two-component system CesSR. Deletion of cesSR 
genes, in particular FtsH, OxaA2, llmg_2163 and RmaB reduced the growth of the cells 
as well as the expression of target membrane proteins was lowered. In trans 
complementation of these knock-out strains, using either low or high-copy plasmids, 
restored the growth and the production of target membrane protein. In fact, the 
expression levels for eukaryotic membrane proteins (PS1∆9 and StSUT1) in L. lactis 
were enhanced 2-3 fold upon co-expression of CesSR from a high-copy plasmid (210).  
The fine tuning of the co-expression of critical factors is an essential factor in 
the forward engineering of cells for functional protein production. In L. lactis, the 
relatively low expression level of a subset of membrane proteins in GCDM-grown cells 
could be restored by the co-expression of the branched chain amino acid permease 
(BcaP). Here, it was critical to use a low-copy number plasmid for the co-expression of 
BcaP as this critical factor became a burden to the cell when a high-copy plasmid was 
used (171). 
 
11. Strategies to optimize functional expression 
 
1). Control of transcription rate. An important consideration is the balance between 
transcription, translation and the further downstream steps such as membrane 




amount of transcripts does not necessarily result in high amounts of functional protein 
(20,68,146,263). De Gier and coworkers have shown that in the C41(DE3) and 
C43(DE3) strains, mutations in the lacUV5 promoter that controls the transcription of 
the gene coding for the T7 RNA polymerase are key to improve membrane protein 
overexpression, suggesting that too much mRNA and presumably too fast a synthesis 
of protein causes a jam at the Sec translocon (297). Also, it is frequently observed that 
lowering of the cultivation temperature can result in significant increases in the levels of 
functional protein (84,147). Similar, for P. pastoris a decrease in the culture 
temperature from 30ºC to 18ºC increased the levels of membrane-inserted protein, 
while decreasing the overall expression level (146). Low temperature is not always 
favorable. The expression levels of the glycerol facilitator protein Fps1p in S. cerevisiae 
was better at higher temperatures (20). 
 
2) Nutrient availability. The expression of membrane proteins can be not only 
influenced by the burden on cells protein biogenesis components but also by the 
capacity to accumulate nutrient. In particular for organisms like L. lactis (multiple amino 
acid and vitamin auxotroph), but also higher eukaryotes that require a rich medium for 
optimal growth, down-regulation of essential transport systems may slow down growth 
and compromise recombinant protein expression. Moreover, a rich medium typically 
leads to higher cell density and more protein expressed. A severe, 5-10 fold decrease, 
in the levels of expression of several ABC transporters was observed in L. lactis when 
cells were transferred from complex GM17 to synthetic GCDM media (171); the latter 
was required for the incorporation of amino acid analogues such as selenomethionine 
into proteins. Similarly, the expression levels of rabbit muscle Ca2+ ATPase in S. 
cerevisiae were significantly increased in rich medium (146). Prolonged post-induction 
cell growth can result in proteolytic degradation, suggesting the growth phase at which 
the cells needs to be harvested is also critical (20,171). Occasionally, the membrane 
protein expression levels can be enhanced by addition of specific ligands or chemicals, 
like DMSO that have been claimed to assist protein folding and stabilization (4,37,310).  
 
3) Gene optimization. Large differences in codon usage of the target gene and the 
expression host, and thus suboptimal translation, can result in slowing of protein 
synthesis, premature termination of the polypeptide chain or  mis-incorporation of 
amino acids (143,247). The codon usage of any organism is reflected by the codon 
bias of the genome and the levels of cognate amino-acylated tRNAs available in the 
cell. In general, highly expressing proteins contain relatively more frequently used 
codons and vice versa. Expression of genes with rare codons in the reading frame can 
result in pausing of the translation as a result of ribosomal stalling. Three strategies can 
be utilized to overcome the problem of suboptimal codon usage: i) random 
mutagenesis of the target gene sequence; ii) chemical synthesis of a gene with 
optimized host cell codon usage; and iii) co-expression of the rare tRNA genes as was 
done in the E. coli Bl21(DE3)RIPL strains from Stratagene and the Rosetta strains from 
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Novagen. Although on first sight one would tend to optimize the codon usage by 
introducing the most frequently used codons (and tRNAs), some adverse effects may 
pop up. Ignatova and colleagues have pointed out that for production and correct 
folding of multidomain proteins the abundance of tRNAs in relation to codon usage is 
more important than codon usuage per se, and that it can be advantageous to have 
clusters of slow translating codons to allow the preceding domains to fold before the 
entire polypeptide is synthesized (322,323). It thus seems obvious that recombinant 
expression may fail when slow and fast translating codons are not optimally positioned. 
 
4) Fusion tags. Frequently, the expression of membrane proteins can be optimized by 
fusing tags either to their N- or C-terminus. Soluble and well-expressing proteins such 
as maltose-binding protein (MBP), glutathione-S-transferase (GST), thioredoxin (Trx), 
NusA, green fluorescent protein (GFP) or peptides like Step-tag, poly His-tag are 
commonly used. Most of these fusion partners are commercially available and they can 
be also used for detecting and quantifying the protein levels and assists their affinity 
purification. Studies in E. coli have shown that MBP fusions can increase the stability of 
the proteins when fused to the C-terminus of recombinant protein (121). The fusion of 
the mistic protein from B. subtilis has been proposed to facilitate the insertion into the 
membrane of eukaryotic membrane proteins. (221). Despite its initial promise, there is 
general consensus in the field that the ‘mistic’ observations are based on an artifact. 
Kunji and coworkers have shown that the overexpression of eukaryotic mitochondrial 
transporters in L. lactis can be enhanced by the addition of host cell signal peptides to 
the N-terminus of the target proteins (179). A similar strategy was adopted for the 
expression of rat neurotensin receptor in E. coli (84) and mouse serotonin receptor in 
yeast cells (309).  
 
12. Conclusions  
Over the past two decades, a steady progress has been made in the structural 
genomics of membrane proteins, which is reflected in the development of a wide 
variety of protein expression and purification tools and a significant increase in the 
number of crystal structures 
(http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html). Despite these 
advancements, obtaining functional and structural information of membrane proteins is 
still difficult with high-level functional expression forming a major hurdle. Exploration of 
expression space has shown that successful production of a given protein is more likely 
to be successful in a homologous or closed to homologous expression hosts than in a 
distantly-related organism. Heterologous expression can often be optimized by careful 
tuning of the transcript levels, gene optimization and by forward engineering of the host 
cells to provide more optimal targeting, membrane insertion and/or folding conditions. 
Major breakthroughs in membrane protein expression have been the strategy of 
homologue screening (31), and the development of selection methods to isolate 




assist in the rapid monitoring of functional protein yields in a high-throughput manner 
(56,68); the GFP fusion technology has been instrumental in many aspects 
Understanding the protein biogenesis machinery and the physiological 
response of host cells to membrane protein production is crucial for the identification of 
expression bottlenecks as well as to design strategies for improving the protein 
production yields. Recent “-omics” studies in E. coli, L. lactis  and S. cerevisiae have 
enabled the identification of expression bottlenecks and provided clues for the forward 
engineering of the cells (19,210,297). Interestingly, all these studies have shown that 
tuning the transcript levels (either up or down) is crucial for successful expression trials. 
In addition, much is to be gained from the optimization of the downstream steps of 
membrane protein biogenesis, but again fine-tuning is critical as the pathway 
components may otherwise heighten the expression hurdle themselves. Prokaryotic 
membrane proteins pose less of problem in expression trials than eukaryotic ones, and 
much is still to be learned from studies aimed at probing of the expression bottlenecks. 
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